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Population size influences the type of
nucleotide variations in humans
Sankar Subramanian

Abstract

Background: It is well known that the effective size of a population (Ne) is one of the major determinants of the
amount of genetic variation within the population. However, it is unclear whether the types of genetic variations
are also dictated by the effective population size. To examine this, we obtained whole genome data from over 100
populations of the world and investigated the patterns of mutational changes.

Results: Our results revealed that for low frequency variants, the ratio of AT→GC to GC→AT variants (β) was similar
across populations, suggesting the similarity of the pattern of mutation in various populations. However, for high
frequency variants, β showed a positive correlation with the effective population size of the populations. This
suggests a much higher proportion of high frequency AT→GC variants in large populations (e.g. Africans) compared to
those with small population sizes (e.g. Asians). These results imply that the substitution patterns vary significantly
between populations. These findings could be explained by the effect of GC-biased gene conversion (gBGC), which
favors the fixation of G/C over A/T variants in populations. In large population, gBGC causes high β. However, in small
populations, genetic drift reduces the effect of gBGC resulting in reduced β. This was further confirmed by a positive
relationship between Ne and β for homozygous variants.

Conclusions: Our results highlight the huge variation in the types of homozygous and high frequency polymorphisms
between world populations. We observed the same pattern for deleterious variants, implying that the homozygous
polymorphisms associated with recessive genetic diseases will be more enriched with G or C in populations with large
Ne (e.g. Africans) than in populations with small Ne (e.g. Europeans).

Keywords: Type of nucleotide change, Biased gene conversion, Recombination, Common and rare variants,
Deleterious variants, Population bottleneck and human genomes

Background
The out of Africa hypothesis predicts that the ancestors
of the human populations around the world originated
in Africa, migrated out of the continent and eventually
colonized different parts of the world [1]. During this
process, the ancestral populations underwent a series of
population bottlenecks along the migratory routes. Due
to this founder effect, the ancestral population size is ex-
pected to decline with increasing distance from Africa.
Previous empirical studies confirmed this prediction and
showed that populations in Africa are the most genetic-
ally diverse and that the diversity declined with increas-
ing geographic distance from Africa particularly along
the colonization routes [2–6]. These observations clearly

suggest significant variation in the nucleotide diversity
among global populations.
Nucleotide diversity (π = 4Neμ) is a measure of genetic

variation, which is determined by mutation rate (μ) and ef-
fective population size (Ne). Since mutation rate is similar
across human populations, the observed difference in the
diversity of world populations is largely due to the varia-
tions in effective population sizes. Although a recent study
suggested a higher rate of mutation in non-Africans, the
magnitude of this effect was very small (~ 5%) [7]. Recent
population genomic studies showed large variation in the
number of polymorphisms observed between world popu-
lations [8]. Populations in Africa have ~ 5 million Single
Nucleotide Variations (SNVs) whereas those in East Asia
have ~ 4.1 million, which is ~ 20% less. Although the vari-
ation in the number of polymorphisms is well known, it is
unclear if there are differences in the types of
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polymorphisms between world populations. Are the fre-
quencies of different types of nucleotide changes (eg. A→
G or T→C) similar across populations? This question
arises from our understanding of the phenomenon of GC-
biased gene conversion (gBGC).
gBGC is a recombination-associated process that

favors G/C over A/T nucleotides during the repair of
mismatches that occur in heteroduplex DNA during
meiosis [9–13]. Although this process is not associated
with natural selection, the efficiency of gBGC could also
be reduced by genetic drift. Therefore, the effect of
gBGC is expected to be much weaker in small popula-
tions than in large populations [12, 13] and conse-
quently, the frequencies of AT→GC polymorphisms are
expected to differ among world populations. It is im-
portant to characterize the population specific patterns
of genetic variants, as these patterns may have immense
implications for human health.
For instance, previous studies have shown a positive

correlation between the number of deleterious homozy-
gous SNVs present in human populations and their dis-
tance from East Africa [14]. Furthermore, non-Africans
were found to have much higher proportion of high fre-
quency or homozygous deleterious variants than Afri-
cans [15, 16]. These observations suggest that due to the
effects of genetic drift, small populations (typically lo-
cated away from Africa) have a higher fraction of high
frequency (and homozygous) deleterious mutations than
large populations. On the other hand, a gBGC mediated
skews in the frequencies of deleterious AT→GC (relative
to GC→AT) polymorphisms were also reported [17,
18]. However, it is unclear whether the extent of such
skews is influenced by the effective population sizes of
various global populations. Therefore, using data from
the 1000 Genomes Project we investigated the pattern of
nucleotide changes observed in the SNVs segregating in
different allele frequencies [8]. Furthermore, we also an-
alyzed homozygous and heterozygous variant data for
126 distinct populations from around the world, ob-
tained from the Simons Genome Diversity Project [7].

Results
Allele frequencies and types of nucleotide changes in
human populations
To quantify the difference in the patterns of observed
AT→GC and GC→AT changes we derived a measure β,
based on the Waterston estimator (θW) as described in the
methods (Eq. 1). The measure β is the ratio of AT→GC
(μAT →GC) and GC→AT (μGC →AT) mutation rates, which
captures the mutational equilibrium between AT and GC
nucleotides. The ratio β is expected to be 1 if the observed
AT→GC and GC→AT changes are due to the forward and
reverse mutation rates alone. Any deviation from this ratio
(β= 1) suggests a bias in the substitution of one type over

the other. To examine the variation in the patterns of nu-
cleotide changes we obtained the 1000 Genomes phase II
data for 26 distinct populations of the world. Since most of
the genomes from Latin America were admixed with Euro-
peans/Africans, we separated 20 Peruvian genomes that had
< 0.5% admixture. We used these to represent an un-
admixed Native American population and hence the total
number of populations analyzed was 27. The SNVs of these
populations were grouped into eleven categories based on
their Derived Allele Frequencies (DAF). The ratio β was esti-
mated for each category of SNVs belonging to each popula-
tion. We estimated the effective size (Ne) of each population
based on the mutation rate (μ) and nucleotide diversity (π)
(see methods).
Figure 1 shows the relationship between Ne and β for

SNVs belonging to two extreme allele frequencies. For
DAF < 0.025, the estimates of β were almost equal to 1 for all
populations. In contrast, we observed a significant positive
correlation (P < 10− 6) for SNVs with very high DAF (> 0.9).
Another major pattern was that the β estimates were similar
among populations belonging to the same geographical loca-
tions and very different among populations from distinct lo-
cations. However, this was not true for admixed Americans
(black dots). We then examined this relationship for SNVs
with different derived allele frequencies. We did not find any
significant relationship between Ne and β for low frequency
SNVs until the DAF was ≤0.2 (P > 0.10) (Fig. 2a). However,
significant positive correlations (at least P < 10− 2) were ob-
served between Ne and β for SNVs with DAF> 0.2. The
magnitude of the correlation increased with the increase in
DAF, which is evident from the rise in the slopes of the re-
gression lines. This increase is clearer in Fig. 2b, which shows
the positive relationship between DAF and the slopes of the
regression lines shown in Fig. 2a. The slope observed for
SNVs with DAF> 0.9 was 6 × 10− 5, which is almost 15 times
higher than for SNVs with DAF= 0.2–0.3 (4 × 10− 6). For
high frequency SNVs (DAF > 0.9), the difference between the
mean β estimated for African genomes (1.72) was 79% higher
than that observed for Peruvian genomes (1.35).
We also plotted β against DAF to show how this estimate

changes with increasing DAF. For this purpose, we selected
five representative populations with significantly different Ne.
As shown in Fig. 3, positive relationships between DAF and
β against were observed for all populations and β increased
with increasing DAF. However, based on the slopes of the re-
gression lines (see Fig. 2 legend-inset) the rate of increase
correlates with Ne. The slope was the highest for Africans
(0.55), intermediate for Eurasians (0.34-0.43) and the lowest
for Peruvians (0.28).

Patterns of homozygous and heterozygous variations
To further examine the patterns of substitutions in a
much larger number of populations we obtained the
genotype data of the Simons Genome Diversity Project
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for genomes representing 126 distinct ethnic popula-
tions. We examined the patterns of nucleotide changes
for homozygous and heterozygous SNVs. For each gen-
ome, we estimated β for homozygous and heterozygous
SNVs. The nucleotide diversity was estimated by com-
paring the pairs of chromosomes of each genome and
Ne was calculated using the mutation rate obtained from
previous studies (see methods). We then plotted β
against Ne. For homozygous SNVs, our regression ana-
lysis produced a significant positive correlation (P < 10−
6) between the two variables (Fig. 4a). Although the ef-
fective population sizes vary widely between world popu-
lations, they are roughly similar for the populations in a
geographical location. Interestingly, the β values for
homozygous SNVs are also varied considerably but were
similar for populations within a geographical region.
This is clear from the mean estimates shown in the inset
of Fig. 4a. For consistency, we also examined this rela-
tionship using the 1000 Genomes phase II data and
found similar highly significant relationship between Ne

for homozygous SNVs (P < 10− 6) (Additional file 1: Fig-
ure S1). On the other hand, Ne for heterozygous SNVs
did not show any significant relationship (P = 0.36) with
β (Fig. 4b).

Proportion of deleterious AT→GC and GC→ AT changes
in global populations
To understand the implications of the observed patterns
on human health, we examined the patterns of nucleo-
tide changes for deleterious SNVs. To determine the del-
eteriousness of the SNVs we used the robust method,
Combined Annotation-Dependent Depletion (CADD).
This method integrates over 60 diverse annotations (to
measure the extent of deleteriousness of a variant) into a
single measure (C score) [19]. We designated SNVs with
a C score of > 15 as deleterious. To distinguish the fre-
quency of different types of nucleotide changes we esti-
mated the proportion of deleterious AT→GC (PAT) and
GC→AT (PGC) changes using eqs. 2 and 3 (methods).
These estimates were plotted against Ne. For deleterious
SNVs with DAF > 0.9 we found highly significant rela-
tionships between Ne and PGC (P < 10− 6) and between
Ne and PAT (P < 10− 6) (Fig. 5a). Importantly for large
populations (Africans) the proportion of deleterious
AT→GC mutations was 54% higher than the proportion
of GC→AT mutations. For small populations (Peru-
vians) this difference was only 26%. We performed a
similar analysis using the homozygous SNVs from 126
world populations and obtained similar results (Fig. 5b).

Fig. 1 Relationship between the effective population size (Ne) and the ratio of AT→GC to GC→ AT (β) changes. The genotype data was obtained
for 27 populations of the world. The colors indicate different geographical locations of the populations. The relationship was not significant for
SNVs with DAF < 0.025 (P = 0.11, using the Spearman rank correlation) but highly significant for those with DAF > 0.9 (P < 10− 6). Nucleotide
substitutions (SNVs with DAF =1) were excluded
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Fig. 2 (a) The correlation between Ne and β observed for SNVs belonging to eleven allele frequency categories with DAF: < 0.025, 0.025–0.1, 0.1–
0.2, 0.2–0.3, 0.3–0.4, 0.4–0.5, 0.5–0.6, 0.6–0.7, 0.7–0.8, 0.8–0.9 and > 0.9. Nucleotide substitutions (SNVs with DAF =1) were excluded. Only the upper
values of the range are shown in X-axis. The correlations observed for SNVs with DAF < 0.2 were not statistically significant (P > 0.10) and remaining
relationships were highly significant (at least P < 10− 2). (b) Scatter plot showing the magnitude of the relationship shown in Fig. 2a for difference allele
frequency categories. X-axis shows the mid-values of the derived allele frequency categories and the slopes of the regression lines of Fig. 2a are shown
on the Y-axis. The slopes of the lines for SNVs with DAF≤ 0.2 are not included as those relationships were not statistically significant
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The difference between PGC and PAT was highest for Af-
ricans (51%) and lowest (22%) for Native Americans.

Discussions
In this study, we showed that the types of nucleotide
changes in world populations are shaped by their effect-
ive population sizes. Our results revealed a much higher
proportion of AT→GC variations in populations with
large effective sizes (eg. Africans) compared to those
with small sizes (eg. Native Americans). These observa-
tions could be explained based on the well-known re-
combination associated GC-biased gene conversion
(gBGC) [9–13]. The two strands of DNA are connected
by double hydrogen bonds between A and T bases
(weak) as well as triple hydrogen bonds between G and
C bases (strong). It has been shown that gBGC favors
the changes involving AT→GC (or weak → strong)
compared to GC→AT (or strong → weak) during the
process of fixation. We developed a measure β to cap-
ture this bias in substitutions. For rare SNVs, β estimates
were close to 1 (β ≈ 1) for all populations (Fig. 1). This
suggests that the rate of AT→GC mutations per (A or
T) base is equal to GC→AT mutations per (G or C)
base. Therefore, the observed number of rare SNVs re-
flect the mutation patterns alone.

In contrast, for high frequency variations β esti-
mates were significantly higher than 1 (β > 1). Im-
portantly β increased with the increase in DAF as
shown clearly in Fig. 3. These results suggest a pref-
erential fixation of AT→GC over GC→AT mutations
over time. However, based on the slopes of the re-
gression lines the results also suggest that the rate of
preferential of fixation of AT→GC mutations in small
populations is low compared to that in large popula-
tions because of genetic drift that reduces the effi-
ciency of gBGC. This result is supported by a
previous study using human population genetic data
that suggested that on an average gBGC is stronger
in African than non-African populations [13].
To further support our claim, we examined the

changes between A↔T (weak bond) and between G↔C
(strong bond) nucleotides using high frequency SNVs
(DAF > 0.9). Our results showed that β estimated for
A→T/T→A or C→G/G→C were close to 1 for all
populations and there was no significant relationship
with Ne (Additional file 1: Figure S2). We also examined
this using homozygous and heterozygous SNVs from the
126 populations and observed no significant relationship
between β and Ne (Additional file 1: Figure S3A and
S3B). Since the changes are between the same types of
nucleotides (with respect to weak or strong hydrogen

Fig. 3 The magnitude of β with respect to the derived allele frequencies. The correlation between DAF and β were highly significant (at least P <
0.0017). Although all populations show an increasing trend, the rate of increase varies between them, which are manifested in the slopes of the
regression lines (shown in the figure legend)
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bonds) there was no effect of gBGC on the fixation of
one type of nucleotide over other. This provides further
evidence that the results of our study are not due to
methodological artifacts.

Since gBGC does not affect the changes between
A↔T (weak bond) and between G↔C (strong bond)
previous studies have used the rate of these changes as a
normalizing factor to assess the magnitude of gBGC on

Fig. 4 The relationship between effective population size (Ne) and the ratio AT→GC to GC→ AT (β) estimated for homozygous (a) and heterozygous
(b) SNVs present in individual genomes belonging to 126 distinct populations of the world. The data was obtained from the Simons Genome Variation
Project. The correlation for homozygous SNVs was highly significant (P < 10− 6) but not statistically significant for heterozygous SNVs (P = 0.36). The
colors represent populations from distinct geographical locations. The relationship shown in the inset was based on the estimates of Ne and β
averaged for the populations belonging to a specific geographical location. The relationship shown in the inset was also significant (P < 0.026)
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GC↔AT changes (Lachance and Tishkoff 2014; Gle-
min, et.al 2015; Xue and Chen 2016). Following this,
we normalized AT→GC with A↔T changes and
GC→AT with G↔C changes respectively and devel-
oped a normalized ratio, β’ (eq. 2 - methods). How-
ever, the relationship between Ne and β’ was also
highly significant and comparable to previous results
obtained for high frequency (Additional file 1: Figure

S4A) and homozygous SNVs from the 1000 Genomes
project (Additional file 1: Figure S4B) and the Simons
Genome Diversity Project (Additional file 1: Figure
S4C). This further supports our results as the
normalization eliminates any variation in the mutation
rates between populations.
The results based on homozygous and heterozygous SNVs

shown in Fig. 4 further support to the results based on DAF

Fig. 5 Variations in the proportions of deleterious AT→GC and GC→ AT SNVs among world populations. These proportions correlate significantly
with the effective population sizes of the populations. The trends were positive for AT→GC SNVs and negative for GC→ AT SNVs. The relationships
were based on (a) high frequency SNVs with DAF > 0.9 and (b) homozygous SNVs. All relationships were highly significant (at least, P < 10− 6)
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presented in Figs. 1 and 2. For instance, Figs. 1 and 2a.
showed there was no significant relationship between β and
Ne for low frequency SNVs. Since low frequency SNVs pre-
dominantly exist as heterozygous SNVs in a genome, results
based on the former are expected to be similar to those
based on the latter (Figs. 1 and Fig. 4b). Similarly, as high fre-
quency SNVs are more likely to be present as homozygous
SNVs in genomes, the results for these two types of SNVs
are alike. This is evident from the results shown in Figs. 1
and 4a.
Since gBGC is mediated by recombination it effects

were found to be strong for highly recombining regions.
To examine this, we obtained SNVs from regions with
low (< 2 cM), medium (2–20 cM) and high (> 20 cM)
rates of recombination. The results showed a much
higher β for the variants in high recombination regions
(Fig. 6). However, the magnitude of the relationship be-
tween β and Ne was similar for all three regions; the
slopes of the regression lines were 0.000039 (low),
0.000042 (medium) and 0.000041 (high). This suggests
that the influence of population size on gBGC is rela-
tively similar across chromosomal regions with varying
degrees of recombination.
Previous studies have shown a significant negative correl-

ation between heterozygosity and the distance (of the loca-
tion of the populations) from Africa. This correlation is

expected based on the prediction that during migration out
of Africa human populations underwent a series of popula-
tion bottlenecks or founder effects along the migratory route
[2–5]. This is because only a subset of people migrated from
the original location to new sites and hence the size of the
populations reduced with distance from Africa. From previ-
ous studies, we obtained the geographic distance of 41 non-
African populations from Eastern Africa (Addis Ababa) [2, 6]
and we plotted the estimates of β against them. We obtained
a highly significant negative correlation for homozygous vari-
ants (P < 10− 6) (Fig. 7a) but not for heterozygous variants
(P= 0.2) (Fig. 7b). This is very similar to the results shown in
Fig. 4. In this analysis, the geographic distance from Africa
was used as a proxy for Ne. Hence this result independently
confirms our findings and also justifies the method used in
this study to estimate Ne from nucleotide diversity.
We estimated Ne under the assumption that mutation rate

(μ) and the rate of accumulation of mutations are both similar
between populations. However, a recent study suggested a
slightly (~ 5%) higher rate of mutation accumulation in non-
Africans compared to Africans [7]. To accommodate the ele-
vated diversity, we subtracted 5% of the observed divergence
for non-Africans while estimating Ne and re-analyzed the
data. This produced almost identical patterns and similar
strengths of correlation to that reported in Fig. 4 (Additional
file 1: Figure S5).

Fig. 6 Effects of recombination on the rates of AT→GC and GC→ AT changes. The relationship between Ne and β for the SNVs present in low
(< 2 cM), medium (0.2–20 cM) and high (> 20 cM) recombining regions. All three relationships were highly significant (P < 0.0002) and the
magnitudes of the relationships were similar as revealed by the slopes of the regression lines (0.000039, 0.000042 and 0.000041 respectively)
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Conclusions
We have shown that the types of SNVs observed in dif-
ferent human populations are very likely to be modu-
lated by their effective population sizes. Since this
pattern was universal for genome-wide variations we

showed that deleterious SNVs also follow this pattern.
Our results showed that populations with large effective
sizes (e.g. Africans) displayed the greatest difference be-
tween the proportions of high frequency deleterious
AT→GC and GC→AT SNVs. This difference was

Fig. 7 Correlation between the geographical distance of non-African populations from East Africa (Addis Ababa) and the ratio AT→GC/GC→ AT
(β) using (a) Homozygous (b) Heterozygous SNVs. The relationship was highly significant for homozygous SNVs (P < 10− 6) and not for
heterozygous SNVs (P = 0.2). The distances between the locations of the non-African populations and Addis Ababa were obtained from previous
studies [2, 6]
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much lower in populations with small effective sizes (e.g.
Native Americans). This has significant implications in
human health as it implies that high frequency diseases-
associated mutations in Africans will be more enriched
with AT→GC SNVs than in Native Americans. Further-
more, we showed that deleterious homozygous SNVs are
also predominantly AT→GC in Africans, and to a
greater extent than in non-Africans. This suggests the
possibility that recessive genetic disorders in Africans
are more likely to be caused by AT→GC variants than
in non-Africans. Therefore, our study recommends that
genome-wide association studies should consider the
frequency of population specific nucleotide changes.

Methods
Genome data
We obtained genotype data from the 1000 Genomes
Project – Phase II [8]. The genome-wide variations
from the 26 populations including Africans (seven
populations: 661 individuals), South Asians (five: 489),
European (five: 503), East Asian (five: 504) and South
Americans (four: 347). Although there were 85 Peru-
vian genomes available, most of these were admixed
with Europeans and Africans. Hence, we used the
likelihood based clustering algorithm Admixture [20]
and examined the proportion of admixture in each
Peruvian genome. Our results showed that only 20
genomes (40 chromosomes) had < 0.5% admixture
from other populations and we included these un-
admixed Peruvians as the 27th population in our ana-
lyses. To identify derived alleles, orientations of SNVs
were determined using the ancestral state of the nu-
cleotides, which was inferred from six primate EPO
alignments [21]. The SNVs were divided into eleven
categories based on their derived allele frequencies
(see Fig. 2-legend). For the SNVs in each category we
computed the counts of six types of changes: A/T→
G/C, G/C→A/T, C→G, G→ C, A→ T and T→A
(see below).
We also obtained the genotype data from the Simon

Genome Diversity Project [7]. To examine the patterns
of nucleotide changes we used the homozygous and het-
erozygous SNVs present in a single representative gen-
ome from each of the 126 populations. We excluded
four African hunter-gatherer populations from our ana-
lysis as it was difficult to ascertain the correct orienta-
tion of the nucleotide changes in these genomes. For
each genome, we estimated the number of homozygous
and heterozygous changes belonging to the six types de-
scribed above.

Deleterious mutations
To determine the deleterious nature of a SNV we used a
robust method, Combined Annotation-Dependent

Depletion (CADD) that integrates diverse annotations
into a single measure (C score) [19]. The extent of dele-
teriousness was further determined by estimating the
corresponding selective coefficients for these scores [22].
For instance, SNVs with a CADD score of 15–20 have a
selection coefficient (s) of 0.0001 and this is considered
to significantly affect the fitness of humans as most of
the nonsynonymous polymorphisms have a score above
this threshold. The C scores for each SNV in the 1000
Genomes Project data were publicly available (http://
cadd.gs.washington.edu/download). Using an in-house
Perl script, we combined this score with the genome
data by using the chromosomal co-ordinates of the
SNVs. For the deleterious variant analysis, we included
only the SNVs for which the C score was available. We
used a C score of ≥15 to determine a mutation to be
deleterious in nature following previous studies [19, 23].
However, using a different threshold produced almost
identical results.

Estimating the ratio of mutation rates
The ratio of AT→GC and GC→AT mutation rates
could be estimated based on the Waterson estimator
[24], θ = 4Neμ = S/an, where Ne is the effective popula-
tion size and S is the number of segregating sites per site

and an =
Pn−1

i¼1
1
i . We can use this estimator considering

only one type of mutation as:

θA→G ¼ 4NeμA→G ¼ SA→G

an

θG→A ¼ 4NeμG→A ¼ SG→A

an

The ratio of forward and reverse nucleotide changes
(β) could be obtained as:

β ¼ μA→G

μG→A
¼ θA→G

θG→A
¼ SA→G

SG→A

The number of segregating sites per site or SNVs per
site of a genome can be estimated as:

SA→G ¼ MA→G

NA
and SG→A ¼ MG→A

NG

where MA→G and MG→A are the number of observed
A→G and G→A mutations in a genome respectively
and NA and NG are the number of ancestral A and G
nucleotides. This formula can be extended for the com-
bined AT→GC and GC→AT mutation rates because
each pattern is mutually exclusive and hence the ratio of
nucleotide changes (β) is:
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β ¼ μAT→GC

μGC→AT
¼ θAT→GC

θGC→AT
¼ SAT→GC

SGC→AT

The number of segregating sites or SNVs in a genome
can be calculated as:

SAT→GC ¼ MA→G þMA→C

NA
þMT→C þMT→G

NT

SGC→AT ¼ MG→A þMG→T

NG
þMC→T þMC→A

NC

Since A and T as well as C and G are complementary
to each other in a double-stranded DNA they are equal
in number. Therefore, β can be expressed as,

β ¼ MA→G þMA→C þMT→C þMT→G

MG→A þMG→T þMC→T þMC→A
� NGC

NAT

β ¼ MAT→GC

MGC→AT
� NGC

NAT
→ 1ð Þ

This derivation proves that the ratio of forward and re-
verse rates of changes can be calculated by simply taking
the ratio of the observed counts of AT→GC (MAT→GC)
and GC→AT (MGC→AT) changes and multiplying with
the ratio of the number of GC (NGC) to AT (NAT) nucleo-
tides in a genome. Since eq. 1 represents the ratio of mu-
tation rates (μAT →GC and μGC →AT) this ratio is expected
to be 1 (β = 1) if the observed nucleotide changes are
solely due to the result of these mutation rates. Any devi-
ation from this suggests a bias in the substitution process.
While β > 1 indicate an excess of AT→GC substitutions
β < 1 imply an excess of GC→AT substitutions.
GC-biased gene conversion is known to affect only the

changes involving weak (A or T) to strong (G or C) nu-
cleotides but not the changes within weak (A↔T) or
within strong (G↔C) nucleotides. Hence the latter is
not expected to vary between populations with different
Ne. Therefore, we used this as a normalization factor
and developed a normalized ratio of AT→GC to GC→
AT (β’).
The A→G mutation rate can be normalized using

A→T rate and the normalized rate (τA→G) can be
expressed as:

τA→G ¼ μA→G

μA→T
¼ θA→G

θA→T
¼ SA→G

SA→T
¼ MA→G=NAð Þ

MA→T=NAð Þ
¼ MA→G

MA→T

Similarly, we can obtain this expression for AT→GC
and GC→AT rates as:

τAT→GC ¼ μA→G

μA→T
þ μA→C

μA→T
þ μT→C

μT→A
þ μT→G

μT→A

τAT→GC ¼ MA→G þMA→C

MA→T
þMT→C þMT→G

MT→A

τGC→AT ¼ μG→A

μG→C
þ μG→T

μG→C
þ μC→T

μC→G
þ μC→A

μC→G

τGC→AT ¼ MG→A þMG→T

MG→C
þMC→T þMC→A

MC→G

Therefore, the normalized ratio of AT→GC to GC→
AT (β’) is:

β
0 ¼ τAT→GC

τGC→AT
→ 2ð Þ

The relationship between nucleotide diversity (π), mu-
tation rate (μ) and effective population size (Ne) for dip-
loid organisms is π = 4Neμ. Using this relationship, we
calculated the effective population size as Ne = π/4 μ. We
used the observed nucleotide diversity of a population or
of a diploid genome and used a mutation rate of 1.2 ×
10− 8 substitutions per site per generation following
many studies based on human pedigree genome data
[25, 26]. A recent suggested that the rate of mutation ac-
cumulation in non-European genomes could be slightly
(5%) higher than that of Africans [7]. To accommodate
this difference, we subtracted 5% of the nucleotide diver-
sity for non-African populations only while calculating
the effective population sizes and obtained almost identi-
cal results (Additional file 1: Figure S4).

Estimation of the proportion of AT→GC counts
We also estimated the proportion of AT→GC counts
(PGC) and GC→AT (NGC→ AT) counts, which were cal-
culated as: PGC ¼ NA→GþNA→CþNT→CþNT→G

N →ð3Þ

PAT ¼ NG→A þ NG→T þ NC→A þ NC→T

N
→ 4ð Þ

N is the number of all types of nucleotide changes.
The standard error of PAT→GC and PGC→ AT were calcu-
lated using the binomial variance.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s12863-019-0798-9.

Additional file 1: Figure S1. Correlation between effective population
size (Ne) and the ratio AT→GC to GC→AT (b) estimated for homozygous
SNVs from whole genomes of the 1000 Genomes Project. The
relationship was highly significant (P < 10-6). Figure S2. Relationship be-
tween the effective population size (Ne) and the ratio of nucleotide
changes within the same types (b): (A) within strong types i.e. C®G/G®C
(B) within weak types i.e. A®T/T®A. The ratios were estimated using the
high frequency SNVs (DAF > 0.9) belonging to 27 populations obtained
from the 1000 genome Project. Figure S3. Relationship between the ef-
fective population size (Ne) and the ratio of nucleotide changes within
the same types (b): (A) within strong types i.e. C→G/G→C (B) within
weak types i.e. A→T/T→A. The ratios were estimated using the homozy-
gous SNVs belonging to 126 populations obtained from the Simon
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Genome Project. Figure S4. Relationship between the effective popula-
tion size (Ne) and the normalized ratio of AT®GC to GC®AT (b’) changes
using equation 2 (see methods). We used A↔T and G↔C to normalize
AT→GC and GC→AT changes respectively. (A) High frequency SNVs
(DAF>0.9) and (B) Homozygous SNVs of the 1000 genome project (C)
Homozygous SNVs from the Simons Genome Diversity project. The rela-
tionships were highly significant (P < 10-6). Figure S5. The relationship
between effective population size (Ne) and the normalized ratio AT→GC/
GC→AT (b) estimated for homozygous SNVs present in individual ge-
nomes belonging to 126 distinct populations of the world. This is very
similar to Fig 4A except that the nucleotide diversities of non-Africans
were 5% reduced while calculating Ne in order to neutralize the differ-
ence in mutation accumulation rates between Africans and non-Africans
as reported recently. The correlation was highly significant (P < 10-6).
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